INTRODUCTION
Understanding brain functions through the investigation of neural signals from single neurons or neural arrays is a key aspect for further studies on neurologic disease and related therapies. In order to address the latter topic, many technological solutions have been proposed. Currently, the most widespread neural signal detection scheme relies on an electrophysiological approach through the patch clamp technology or the local field potential recording (LFP). 1 The former technique consists in stimulating the cells and recording the real-time voltage drop across the cell membrane that occurs because of the ionic channels opening, while the latter enables recording the voltage perturbation generated in the extracellular space by neuronal activity, from fast action potential to the slowest voltage fluctuations arising from glia. 2 Such methods achieve a considerable sensitivity but fails to provide signals simultaneously from more than a couple of neurons. 3 The strong progress of micro-fabrication techniques has allowed for the development of alternative methods like multi electrode arrays (MEAs) and high density MEAs (hdMEAs) which consist of numerous electrodecontaining plates and grant the recording at a network level. [4] [5] [6] However, such approach is inefficient in providing a one-to-one correlation between the investigated neurons and the acquired signals. 7 More recently, nano-scale electrodes and nano-sized field effect transistors have been successfully employed for neural signal recording. [8] [9] [10] Even though the spatial resolution was not significantly increased with respect to conventional MEAs and the signal to noise ratio resulted diminished when compared to standard glass pipettes, these techniques provided an extremely reduced invasiveness on the biological sample and presented potentiality for higher density packing. 11 High spatial resolution together with non-invasiveness has been obtained by investigating neural activity through calcium imaging by means of calcium indicators GCamP. 12, 13 A complete absence of invasiveness together with good spatial resolution can be also assured by using a magnetic approach. Instead of directly measuring the voltage across the cell membrane, one can detect the magnetic field generated by the neural current along the axon, arising from the charge displacement across the membrane. With this approach, nanometer spatial resolution was obtained employing the promising technology based on diamond nitrogen vacancies (NV). 14 Nevertheless, current magnetometers based on NV still display poor temporal resolution. 15 To tackle the aforementioned issues, magnetoresistive (MR) devices offer valuable perspectives because of their high sensitivities, 16 and easy real-time monitoring of the neural signals due to the wide frequency bandwidth. 17, 18 Finally, as the detection does not involve any charge drain from neurons, they guarantee a complete absence of invasiveness during recording. Such technique has been firstly introduced by J. Amaral et al. who used spin valve featuring giant magnetoresistance (GMR) effect as magnetic sensors. 19 Sizable signals have been reported but in that work the presence of spurious capacitive signals was a big obstacle to a pure magnetic detection.
In this work, we present a platform based on different MR sensors, namely magnetic tunneling junctions (MTJs), and dedicated electronics for the detection of neural pulses generated by single neurons, neural networks and brain slice.
In the following, a brief description of the sensors fabrication process and main characteristics are presented. Studies on biocompatible capping solutions, ensuring good adhesion of neural cells and viability during at least two weeks, are discussed. Finally, the electronic measurement setup for the signal recording is illustrated. (20), (thicknesses in nm within brackets), was deposited by magnetron sputtering in an AJA ORION 8 system and processed afterwards with optical lithography and ion milling. 20 A Ti(7)/Au(200) contact bilayer was deposited on top via magnetron sputtering with a Leybold Heraeus machine. The final chip layout ( Fig.1 (a) ) featured an array of 12 sensors with a junction area of 3x40 µm 2 ( Fig. 2 (b) ), each provided with independent access for electrical contact. 21 The sensors were subsequently annealed at 290 • C for enabling the crystallization of the junction layers for promoting a coherent tunneling process. 22, 23 The transfer curve of the sensors is shown in Fig.1(c) ; a magnetoresistive ratio of 44% was obtained together with a low field sensitivity of 10 % mT . A linear response along with a negligible hysteresis was achieved by exploiting the superparamagnetic behavior of the free Co 40 Fe 40 B 20 layer and through the shape anisotropy enforced by the lithographic process. 24 These latter aspects, besides the low field sensitivity values, are fundamental conditions when small and repetitive signals are investigated.
EXPERIMENTAL

MTJ sensors fabrication
Neural culture on sensor surface and hippocampal brain slice preparation
In order to assure biocompatibility and to protect the sensors from the biological environment, a SiO 2 (50)/Si 3 N 4 (70)/SiO 2 (50) trilayer was deposited on top of the sensors by RF magnetron sputtering.
All experiments were carried out in accordance with the guideline as established by the European Community Council (Directive 2010/63/EU of September 22nd, 2010) and experimental protocols were approved by the Italian Ministry of Health. Animals were anaesthetized with isoflurane prior to decapitation.
Neurons were cultured over the sensors surface following standard protocols. 25 Prior to the growth of neural cells, an oxygen plasma treatment was performed on the chip for 1 min at 100 W. Subsequently, the chips were cleaned in ethanol (75%) for ten minutes and afterwards kept under UV for 1 hour. To promote cell adhesion, the chip surface was coated with Poly-D-lysine (1 mg/1 ml; Sigma; mw 70000-150000) in buffer borate solution and incubated overnight. Eventually, cortical neurons from dissociate rat brain embryos (E18) were plated on the sensor surface (10 6 cells/ml). The media was changed after seven days in vitro (DIV).
Concerning the preparation of the brain slices, all experiments were performed on C57BL/6J mice of either sex aged 3 weeks to 6 months (Charles River Laboratories International, Wilmington, MA, USA). Transverse hippocampal slices (350 µm thick) were cut using a Microm HM 650 V microtome equipped with a Microm CU65 cooling unit (Thermo Fisher Scientific, Waltham, MA). Slices were cut at 2 • C in a high-sucrose protective solution containing (in mM): 87 NaCl, 25 NaHCO 3 , 2.5 KCl, 0.5 CaCl 2 , 7 MgCl 2 , 25 glucose, 75 sucrose, and saturated with 95% O 2 and 5% CO 2 . Slices were incubated for 30-45 min at 35 • C and for at least another 30 min at room temperature in an artificial cerebrospinal fluid (ACSF) containing (in mM): 125 NaCl, 25 NaHCO 3 , 25 glucose, 2.5 KCl, 1.25 NaH 2 PO 4 , 2 CaCl 2 , and 1 MgCl 2 (bubbled with 95%O 2 -5% CO 2 ). During the recording session the ACSF was perfused at a rate of 2.5 ml/min. 26 
Magnetic platform and acquisition setup
A custom two faces PCB board, with a mass plane on one side and copper contact pads on the other, was designed in order to provide compatibility with LFP recording and allow the cellular growth rather than the insertion of the brain slices with the cerebrospinal fluids ( Fig.3(a) ).
The PCB pads were aligned to the sensors pad and the attachment was realized by means of an anisotropic conductive tape (Adafruit 3M). The PCB board was holed in correspondence to the active area of the sensors and a culture chamber was sealed on top. The sealing was performed before the biological experiments, through PDMS, which was fabricated by mixing the elastomer and the curing agent in a 10:1 ratio and cured at 60 • C for three hours. The PCB pads were connected to a dedicated electronic board.
The realized electronic board implements a generation channel and four low-noise acquisition channels working in parallel. The generation channel drives the magnetic sensors with a sinusoidal voltage signal of selectable amplitude (from few tens of µV up to 100 mV) and frequency (from few Hz up to 100 kHz). The front-end of each acquisition channel consists of a transimpedance amplifier with an input voltage noise of about 3 nV/ √ Hz (AD745 OpAmp from Analog Devices), followed by a Programmable Gain Amplifier, an anti-aliasing filter and an ADC operating at 833 kS/s. Exploiting the parallelism of a Field Programmable Gate Array (FPGA) the four acquired signals are simultaneously processed: phase/quadrature demodulation, selectable filtering and decimation. Finally, data are sent to the PC through a USB connection.
For the recording of the signals arising from the brain slice, the PCB device with the chip and the culture chamber were kept under an optical upright microscope, and two electrodes were used. A stimulating electrode was used to evoke action potential in the afferent fibers while a recording electrode was used for standard LFP measurements. Two permanent magnets were kept aside the chips in order to bias the sensors in their most sensitive points.
The measurements were performed by applying a 10 mV bias across the sensors at a frequency f = 40 kHz, so as to get rid of the low-frequency noise of the electronic amplifier. The signal was then demodulated and filtered at 4 kHz, so as to allow for a sampling frequency four time faster than the maximum frequency in the bandwidth of the neural signal (about 1 kHz). The acquisition was operated with a sampling time of 90 µs.
RESULTS AND DISCUSSION
Minimum detectable field
The field noise spectral density in Fig.1 (d) was measured with a Correlation Spectrum Analyzer setup and the integrated spectrum was calculated. 27 Since the typical duration of the neural action potential is in the millisecond length, a kHz range was mainly taken into consideration. At 1 kHz, a noise spectral density for the whole sensing apparatus (including the sensor and the electronics) of about 5 nT / √ Hz was found ( Fig.1 (d) ), as measured within a 1 Hz narrow band. An integrated value of about 250 nT was calculated in a 1 Hz-1 kHz bandwidth, which is the typical bandwidth of neural signals. The reported values are comparable with or lower than the detectivities found in previous works. 28, 29 As a matter of fact, since the typical magnetic field, expected to be generated from a single neuron firing, ranges from 2 nT to 10 nT, only a narrow-band measurement would result in a successful detection. The latter configuration would also require a modulation of the magnetic field, and such feature is still under development. 30, 31 On the other hand, a broad-band measurement configuration could be well utilized when an assembly of neurons are analyzed. The latter condition is verified when brain slices are considered, where several hundreds of cells potentially fire synchronously, resulting in much higher currents, and thus, magnetic field.
Biocompatibility
A crucial aspect for ensuring an efficient growth of a neuronal culture on the sensor surface is to find a proper capping that enables cell viability and provides protection to the magnetic device. The presence of toxic materials as cobalt and manganese in the sensor stack represents the basic drawback for the cellular growth. Fig.2 (a) shows an image of the cortical cultured neurons after two weeks in vitro . Fig 2(b) and (c) depict cell viability on the sensor and on a reference glass substrate, respectively.
A similar mortality rate, of almost 50%, (Fig. 2(d) ), was obtained for cells plated on the sensor or on the reference substrate. The sensor was subsequently analyzed and no deterioration of its performance was found (data not shown).
Recording from hippocampal brain slice
In this section, we present the platform for the recording of neural signal arising from rat hippocampal slices. These biological samples feature a dense assembly of fibers which, when electrically stimulated, result in a potential activation of several hundred cell bodies. J. Amaral et al. evaluated such signal to be over 2.5 µT at a 10 µm distance. 19 This evaluation takes into account the presence of a layer of dead (inactive) cells arising from the slicing of the brain and the unavoidable distance between the sensor and the hippocampal slices. The brain slice is therefore an interesting tool in order to validate a MTJ-based platform for the neural activity recording.
The slice was positioned in such a way that the fibers were aligned to the long side of the sensors, so that the Oersted field produced by the action potential propagation is parallel to the sensing direction of the MTJs (Fig. 3(b) ). More precisely, the sensors were positioned close to the CA3 region in order to sense the signals arising from the fibers linking the CA1 region to the CA3 region. Prior to magnetic detection, standard LFP recording were performed in order to verify the signals quality and to have reference values. Extracellular local field potentials were recorded using borosilicate glass electrodes (Kimble Chase, Vineland, NJ, USA) of 1-2 MΩ filled with artificial ACSF. Evoked post synaptic potential (EPSP) were evoked in granule cells layer in response to extracellular stimulation of the medial perforant path (PP) with a monopolar glass electrode (intensity: 150-300 µA, duration: 1 ms; rectangular waveform) filled with ACSF and connected with an isolated pulse stimulator (A-M Systems, Carlsborg, WA). In Figure 3 (c) the LFP extracellular recording signal, averaged over 10 acquisitions, is presented. The intense oscillation of the signal is due to artefacts, arising from current injected by the stimulating electrodes. 26 Note that the presence of the magnetic sensors underneath does not influence the LFP signal, which can be used to validate the magnetic platform. For the magnetic measurement, in order to minimize any interference arising from the stimulation signal, the chip and the power supplier were connected to a common ground. The output signal, averaged over 30 acquisitions, is presented in Fig.3 (d) . The artefact signal is clearly visible with a signal to noise ratio (SNR) of 165, with the noise level calculated as the standard deviation of the signal over 800 values. In the averaged figure, as in most of the single acquisitions, the artefact is followed by a shorter signal, with a SNR of 120, after about 500 µs. Such signal has a duration of 400 µs and cannot be ascribed to the artefact. Due to the low statistics, however, it is currently not possible to confirm such signal to be the result of a magnetic detection and further work is needed.
CONCLUSION
In this work, we presented a magnetic-based detection scheme for neural signal recording, via highly sensitive MTJs. We showed that such devices are promising tools for the detection of signals arising from brain slices when measurements are performed in a broadband configuration (1 Hz -1 kHz). They also offer perspectives for the recording of single neuron activity, provided that the 1/f noise of the MTJs is minimized or the magnetic field from neurons is modulated above the 1/f corner. A suitable capping layer ensuring neuron viability over 2 weeks has been optimized and tested. Arrays of magnetic sensors have been integrated in a platform suitable for neural detection and the compatibility with standard LFP extracellular recording has been demonstrated. Finally, we presented some preliminary results concerning the magnetic detection of the brain slice activity with the developed platform and we showed its ability to successfully record the well known prepeak artefact in the signal recorded immediately after stimulation. A further optimization of the sensitivity is on the way in order to detect the magnetic field pulse associated to the true neural signal.
